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Abstract
Several human hereditary neuromuscular and neurodegenerative diseases are caused by abnormal expansion of triplet
repeat sequences (TRSs) CAG/CTG, CGG/CCG, or GAA/TTC on certain chromosomes. It is generally accepted that
multiple slippage synthesis accounts for the instabilities of TRS. Earlier in vitro experiments by Behn-Krappa and Doerfler
showed that TRS with high GC content can be expanded. In contrast, here we demonstrated that certain AT-rich TRSs,
(TTC)17, (GAA)10/(TTC)10 and (GAA)17/(TTC)17, were also expansion-prone in PCR. With respect to the sequence of TRS,
surprisingly, we found that the AT-rich (GAA)17/(TTC)17 extended more efficiently than the GC-rich (CAG)17/(CTG)17.
This strongly suggested that the AT content of the repeat may influence TRS expansion. Furthermore, to examine the
expansion of single-stranded TRS, we showed that only (TTC)17, but not the complementary (GAA)17, can be expanded.
This suggested that a T-T mismatch may stabilize compatible secondary structures, most likely hairpins, for slippage
synthesis. However, another poly-pyrimidine TRS, (CCT)17, is not amplification-prone in PCR. Due to the high C-content,
this TRS is unlikely to adopt hairpin structures at the high pH used for PCR. Thus, the single-stranded PCR experiment may
serve as an indirect assay for the ability of a sequence to adopt a hairpin conformation. When amplification was performed in
reactions using Klenow DNA polymerase, only the double-stranded TRSs can be expanded. The reaction rate for (GAA)10/
(TTC)10 was slower than for (GAA)17/(TTC)17, suggesting that the length of the repeat may be important for the
amplification of TRS. The findings of these in vitro experiments may aid in understanding TRS expansion in vivo. ß 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction
Triplet repeat sequence (TRS) was found to be
associated with several human genetic diseases. For
example, fragile X syndrome, the most frequently
inherited mental retardation is due to an abnormal
expansion of CGG/CCG triplet repeats on the X
chromosome. In normal people, there are about 30
copies of CGG/CCG; while the patients carry several
hundreds of copies [1,2]. Spinal and bulbar muscular
atrophy (SBMA), spinocerebellar ataxia type I
(SCAI), Huntington’s disease, dentatorubral-pallido-
luysian atrophy (DRPLA, Haw River syndrome),
Machado^Joseph disease (MJD) and myotonic dys-
trophy (DM) are all caused by expansions of CAG/
CTG repeats [3,4]. All of these diseases follow an
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unusual genetic pattern known as anticipation, in
which the severity of the disease is increased and
the age of onset is decreased with each successive
generation (reviewed in [5^12]). Massive expansion
of the triplet repeats, a non-Mendelian genetic proc-
ess, has been correlated with these behaviors. Re-
cently, Friedreich’s ataxia (FRDA) has been found
to be associated with GAA/TTC triplet repeat expan-
sion in the intron 1 of X25 gene. In normal chromo-
somes, 10^21 copies of this repeat are present, but
patients’ chromosomes contain as many as 200^900
copies [13,14]. Unlike the other TRS disorders, it is
an autosomal recessive disease with little evidence of
genetic anticipation [13,14].
The mechanisms of repeat expansion remain un-
known, but the dependence of expansion on repeat
length suggests the involvement of unusual second-
ary structures [15]. There were various biophysical
and biochemical studies supporting this. Double-
stranded TRSs can form non-B-DNA structures
[16,17]. Single-stranded short TRSs form intrastrand
hairpin structures [18^27]. Other structures, such as
quadruplexes [28,29] and triplexes [30] were also ob-
served. Among them, hairpins at the lagging strand
of the replication fork are the best understood of the
slippage structure capable of causing expansion dur-
ing replication [31].
Behn-Krappa and Doer£er demonstrated that the
high GC content oligonucleotides including single-
stranded (CGG)17, (CGG)12, (GCC)17, (CG)25, and
(CTG)17 can be expanded with Taq polymerase in
PCR without adding any natural template [32]. Since
these single-stranded TRSs, including (CGG)17,
(CGG)12, (GCC)17, and (CTG)17, are capable of
forming hairpins by GC base pairing on the stem,
this results can be best understood in terms of hair-
pin-primed DNA synthesis. In this study, we would
like to use synthetic single-stranded TRS: (GAA)10,
(TTC)10, (GAA)17, and (TTC)17 to see whether these
DNA with low GC content are also expansion prone
in vitro. By comparing the expansion e⁄ciency, the
single-stranded PCR experiment can serve as an in-
direct assay for the ability of a sequence to form a
hairpin conformation.
In addition, Behn-Krappa and Doer£er showed
that double-stranded TRS, (CAG)17/(CTG)17, can
also be ampli¢ed by Klenow DNA polymerase and
by Taq DNA polymerase in PCR without adding
any template. From the study of double-stranded
(CTG)n/(CAG)n and (CGG)n/(CCG)n by reduced
electrophoretic mobilities, Pearson and Sinden found
that the complexity of the S-DNA structures formed
increased with the length of the triplets [33]. It com-
pletely re£ects the genetic instability in human dis-
eases. Here we would like to use double-stranded
PCR and Klenow DNA polymerase to test whether
(GAA)10/(TTC)10 and (GAA)17/(TTC)17 were also
ampli¢cation-prone. This study will also demonstrate
that the e¡ects of the length and the sequence of the
repeat on TRS expansion in vitro. These properties
of double-stranded TRS expansion may aid to
understand the in vivo system of human disorders.
2. Materials and methods
2.1. Oligodeoxyribonucleotides
Simple oligodeoxyribonucleotides were purchased
from Quality Systems (Taipei, Taiwan). They were
triplet repeats sequences (TRSs): (GAA)10,
(TTC)10, (GAA)17, (TTC)17, (CAG)17, (CTG)17,
and (CCT)17 (the total length of TRS is written as
a subscript behind the repeated motif). These oligo-
deoxyribonucleotides were not phosphorylated prior
to use.
2.2. Conditions for the PCR reaction
PCR reactions were performed in a Perkin^Elmer
GeneAmp PCR System 2400. The ampli¢cation re-
actions were performed in a ¢nal volume of 50 Wl,
containing 0.5 U of Taq polymerase (Promega, Mad-
ision, WI), 50 mM KCl, 10 mM Tris-HCl (pH 9.0 at
25‡C), 0.1% Triton X-100, 2.5 mM MgCl2, 200 WM
dNTP and 200 ng of primer. To prevent evaporation,
25 Wl of mineral oil was layered on top of the reac-
tion mixture. The thermal cycling reaction was car-
ried out for 30 cycles as 1 min at 94‡C for denatura-
tion, 30 s at 48, 55 or 62‡C for annealing, and 1 min
at 72‡C for extension.
2.3. Ampli¢cation by the Klenow DNA polymerase
The reaction was performed in a total volume of
20 Wl containing 200 ng of primer, 50 mM potassium
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phosphate (pH 8.0 at 25‡C), 5 mM MgCl2, 1 mM
DTT, 500 WM dNTP and 5 U of Klenow DNA Pol-
ymerase (MBI Fermentas, Vilnius, Lithuania). The
incubation was at 37‡C for from 30 min up to over-
night.
2.4. Gel electrophoresis
The ampli¢cation products were loaded onto a
1.8% agarose gel. After 1 h of electrophoresis in
TBE bu¡er at 50 V, the gel was stained with Ethi-
dium bromide followed by photography under ultra-
violet illumination.
3. Results
We studied the ability of various synthetic TRS to
amplify/expand in PCR using Taq polymerase, under
di¡erent stringency; and in reactions using Klenow
polymerase. No natural DNA template was present,
and various single-stranded and double-stranded
TRSs served as both primers and templates in these
experiments. We included single-stranded TRS be-
cause by performing ampli¢cation reactions on
each complementary strands would allow us distin-
guish the contribution of pyrimidine versus purine in
TRS expansion.
3.1. Low stringency PCR expansion of single-stranded
TRS
We started our investigation with PCR at low
stringency with an annealing temperature of 48‡C
with MgCl2 concentration at 2.5 mM. Seven single-
stranded PCR were performed. They were: (GAA)10,
(TTC)10, (GAA)17, (TTC)17, (CAG)17, (CTG)17, and
(CCT)17. Among them, (CTG)17 was used as a pos-
itive control [32]. Only two of the seven TRSs
showed signs of ampli¢cation (Fig. 1). Reactions
containing (TTC)17 or (CTG)17 yielded DNA frag-
ments from 200 bp to more than 10 kb shown as
smear bands on the gel. This length heterogeneity
was likely due to the DNA/Taq polymerase complex
remaining stable after the synthesis reaction. DNA
fragments that were already loaded with Taq po-
lymerase would extend for several slippage cycles,
before starting on another fragment [34]. On the con-
trary, the complementary TRSs, (GAA)17 and
(CAG)17, which are similar in lengths, as well as
AT and GC contents, except for pyrimidine/purine
compositions, did not allow replication to take place.
Thus they probably lack the required structure for
self-expansion/replication. The shorter TRSs,
(GAA)10 and (TTC)10, also did not yield any expan-
sion products. This suggests that the 10-nucleotide
TRSs may be too short for TRS expansion to occur.
To increase the sensitivity of detection by ethidium
bromide staining, we annealed the resulting PCR
products of (GAA)10, (TTC)10, and (GAA)17 with
their respective complementary strands, (TTC)10,
(GAA)10, and (TTC)17 followed by gel analysis. No
expansion products were seen under this condition,
either (data not shown). The PCR results of the 17-
nucleotide TRSs showed surprisingly that the pyrimi-
dine-rich TRSs were preferentially expanded in sin-
Table 1
Summary of PCR ampli¢cation with di¡erent primers under three di¡erent annealing temperatures
Oligomer 48‡C 55‡C 62‡C Comment
(GAA)10 inactivea inactive inactive
(TTC)10 inactive inactive inactive
(GAA)17 inactive inactive inactive
(TTC)17 very activeb weakc inactive extends to more than 10 kb when active
(CAG)17 inactive inactive inactive
(CTG)17 very active very active inactive extends to more than 10 kb when active
(GAA)10/(TTC)10 very active very active very active extends to more than 10 kb
(GAA)17/(TTC)17 very active very active very active extends to more than 10 kb
(CAG)17/(CTG)17 very active very active very active extends to 3 kb
aInactive implies no ampli¢cation product was observed in the absence of a natural DNA template.
bActive implies replication/expansion in the absence of a natural DNA template.
cWeak implies only little replication/expansion products were observed in the absence of a natural DNA template.
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gle-stranded PCR than their purine-rich comple-
ments. Furthermore, the PCR results of the 10-nu-
cleotide TRSs suggested that there may be a length
requirement in the repeats for the initiation of TRS
expansion. In summary, both the length and the
composition of the synthetic oligodeoxyribonucleo-
tides could in£uence the e⁄ciency of TRS synthesis.
In order to self-replicate, the single-stranded TRS
must comply a potential secondary structure, which
allows the Taq polymerase to pause and slip through
in order to synthesize longer products.
In order to further study the ampli¢cation mecha-
nism of (TTC)17, (TTC)17 was incubated with dT and
dC only, or dA and dG only during PCR. We found
that there was no expansion product observed (data
not shown). In this case, all four deoxyribonucleo-
tides must be included for successful ampli¢cation.
Based on these ¢ndings, hairpin structure may be the
best explanation for slippage synthesis of (TTC)17.
How can (TTC)17, which does not contain any pal-
indromic sequence form hairpin structure? It has
been found that T-T mismatches are well stacked
in the helix of (CTG)n- or (GTC)n-containing hair-
pins and the cooperative interaction of T-T and G-C
base pairs stabilizes the hairpin conformation
[21,24,27,35]. Thus, the H-bonds of T-T pairs of
(TTC)17 mayo¡er the stabilizing force for hairpin
structures. In order to support the above assump-
tion, we performed PCR ampli¢cation of another
TRS (CCT)17, which is not found involved in any
inherited diseases. (CCT)17, like (TTC)17, is com-
posed of 100% pyrimidine, except for the high GC
content. From the study of (CCG)n, it has been
found that hairpin structure was stabilized by the
mismatch between protonated cytosine and cytosine
at physiological pH [20,36]. Thus the failure to am-
plify (CCT)17 in PCR as shown in Fig. 1, re£ects the
nature of lacking hairpin structure at the high pH
used in PCR. As described above, replacement of T
of the (TTC)17 with C, abolishing the ampli¢cation
suggested the involvement of T-T pairs in hairpin
conformation of (TTC)17.
3.2. Low stringency PCR expansion of
double-stranded TRS
Three double-stranded TRSs, (GAA)10/(TTC)10,
(GAA)17/(TTC)17 and (CAG)17/(CTG)17 can be suc-
cessfully ampli¢ed in low stringency PCR (Fig. 1).
Unlike the single-stranded TRSs, the 10-nucleotide
double-stranded (GAA)10/(TTC)10 yields compatible
amount of high molecular weight ampli¢cation prod-
ucts with (GAA)17/(TTC)17. On the other hand, most
products of (CAG)17/(CTG)17 were only less than
3 kb, which were much smaller than those of
(GAA)10/(TTC)10 or (GAA)17/(TTC)17. These data
showed that the size of the products for double-
stranded PCR depend on the content of the DNA,
but not on the length. Furthermore, based on the
results from single-stranded PCR, it was likely that
each strand contributed unevenly during double-
stranded TRS PCR. In this case, (TTC)17 and
(CTG)17 probably had a higher potential to self-rep-
licate than the complimentary strands, (GAA)17 and
(CAG)17, due to more stable hairpin structures.
Finally, we also noticed that (CTG)17 can generate
higher molecular weight products than (CAG)17/
(CTG)17. This may suggest that in double-stranded
PCR, the (CTG)17 strands initiated the TRS replica-
tion by forming a hairpin structure, in subsequent
cycles the complementary (CAG)17 strands then
Fig. 1. Low stringency PCR ampli¢cation of synthetic TRS in
the absence of any natural template. The experimental condi-
tions were described in Section 2 with an annealing temperature
of 48‡C. Left lane is a 1 kb DNA ladder (Gibco, USA) fol-
lowed by the single-primer PCR ampli¢cation products of
(GAA)10, (TTC)10, (GAA)17, (TTC)17, (CAG)17, (CTG)17 and
(CCT)17, as well as the double-primer PCR ampli¢cation prod-
ucts of (GAA)10/(TTC)10, (GAA)17/(TTC)17 and (CAG)17/
(CTG)17, as indicated at the top of the ¢gure.
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served as primers to compete with the self-elongation
of the single-stranded TRS, resulting in shorter and
double-stranded products. Alternatively, this may
imply that the mechanisms for single-stranded and
double-stranded TRS ampli¢cation is completely dif-
ferent.
3.3. TRS ampli¢cation with high stringency PCR
Next we examined the behavior of TRS ampli¢ca-
tion under condition of higher stringency. PCR using
two higher annealing temperatures (55 and 62‡C)
were performed, and the results were summarized
in Table 1. Double-stranded TRS can be expanded
at all three temperatures with similar e⁄ciency, again
in the absence of any native DNA template. Double-
stranded TRS seemed to be expansion-prone inde-
pendent of the annealing temperature.
On the other hand, for single-stranded PCR, when
annealing temperature was raised from 48 to 55‡C,
the ampli¢cation e⁄ciency of (TTC)17 decreased dra-
matically while (CTG)17 remained unchanged. It im-
plied that the hairpin structures of (TTC)17 is more
heat-labile than that of (CTG)17. When annealing
temperature was raised to 62‡C, all single-stranded
TRSs failed to amplify.
3.4. Time course of TRS ampli¢cation
To further investigate the properties of TRS ex-
pansion, low stringency PCR at annealing tempera-
ture of 48‡C was performed with di¡erent cycles. For
single-stranded TRS PCR, ampli¢cation products of
(CTG)17 can be detected after 5 cycles; while
(TTC)17 can only be seen after 25 cycles (Fig. 2).
In both cases, subsequent cycles led to only the
amount increase, but not the length expansion. We
noticed that the replication rate of (CTG)17 is faster
than that of (TTC)17. This is best explained as
(CTG)17 is easier to form hairpin structures than
(TTC)17. The reason why the hairpin structures of
(TTC)17 is easier to form and more heat-stable may
be because (CTG)n-containing hairpins is stabilized
by both G-C and T-T pairs [21,35]; while (TTC)n-
containing hairpin probably by T-T mismatch
only.
On the other hand, for double-stranded TRS PCR,
both the length and the amount of ampli¢cation
products increased with successive cycles (Fig. 3).
Interestingly, in double-stranded PCR the AT-rich
(GAA)17/(TTC)17 produced and elongated faster
than the GC-rich (CAG)17/(CTG)17, indicating that
the slippage of double-stranded TRS is potentially
dependent on the AT-content of the sequences in-
volved [37]. Or it may simply be the unique sequence
in double-stranded GAA/TTC repeats that allowed
for the formation of a compatible secondary
structure necessary for double-stranded TRS expan-
sion.
3.5. Klenow ampli¢cation of TRS
Finally, in order to test whether the details of TRS
ampli¢cation are in£uenced by the particular proper-
Fig. 3. In£uence of PCR cycles on the ampli¢cation of
(CAG)17/(CTG)17 and (GAA)17/(TTC)17. The experimental con-
ditions were described in Section 2 with an annealing tempera-
ture of 48‡C. Left lane is a 1 kb ladder (Gibco, USA) and the
other lanes are successive cycles of PCR as indicated at the top
of the ¢gures.
Fig. 2. E¡ect of PCR cycles on the ampli¢cation of single-
stranded TRS, (CTG)17 and (TTC)17. The experimental condi-
tions were described in Section 2 with an annealing temperature
of 48‡C. Left lane is a 1 kb ladder (Gibco, USA),and the other
lanes represent PCR results of TRS expansion after successive
cycles, as indicated at the top of the ¢gures.
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ties of the DNA polymerase used, we examined TRS
expansion using Klenow DNA polymerase. In con-
trast to the results using Taq DNA polymerase, none
of the single-stranded expansion/ampli¢cation was
observed with Klenow DNA polymerase (result not
shown). However all double-stranded TRS,
(GAA)10/(TTC)10, (GAA)17/(TTC)17 and (CAG)17/
(CTG)17, can be ampli¢ed. It implies that without
the thermocycles, Klenow DNA polymerase reaction
requires the presence of both complementary strands
to initiate TRS ampli¢cation. Unlike Taq polymer-
ase, Klenow DNA polymerase increased the length
of double-stranded TRS more signi¢cantly than the
amount with time (Fig. 4). The ¢nal products were
more homogenous in size at 200^300 bp, which were
much shorter than those produced by PCR. An ear-
lier experiment by Ji et al. also showed that among
various DNA polymerases, Taq DNA polymerase
exhibited the most extensive expansion ability for
GGC/GCC repeats [38]. These data suggested that
TRS ampli¢cation may be in£uenced by the proper-
ties of the DNA polymerase used, thus care must be
taken in correlating these in vitro results to the in
vivo conditions. The extension products of (GAA)17/
(TTC)17 were dramatically increased after 1 h of re-
action; while no obvious extension was observed for
(GAA)10/(CTG)10 in the ¢rst 2.5 h. Thus, the reac-
tion rate for double-stranded TRS by Klenow DNA
polymerase is dependent on the length of the se-
quence.
4. Discussion
FRDA patients have either undetectable or ex-
tremely low mRNA of X25 gene. It has been sug-
gested that the expansion of GAA/TTC accounts for
either an abnormality in mRNA processing or an
interference with the transcription machinery [13].
We report this study as an attempt to understand
the mechanism of slippage synthesis for GAA/TTC.
In previous study of (CTG)n/(CAG)n and (CGG)n/
(CCG)n, it has been reported that a variety of S-
DNA structures can be formed within duplex strands
due to the very nature of the repeating units [33]. The
ampli¢cation of GAA/TTC by Taq polymerase and
Klenow DNA polymerase resulting in heterogenous
products may be due to the formation of the S-DNA
structures along the TRS strands.
Both in vivo and in vitro experiments demon-
strated that there was strand bias for TRS ampli¢ca-
tion [38^40]. In Escherichia coli, large expansion oc-
curred predominantly when the CTGs were in the
leading template strand rather than the lagging
strand [39,40]. In vitro ampli¢cation of GGC/GCC
by Taq polymerase also showed that GCC strand
was preferentially elongated and expanded [38].
They thus reasoned that GCC and CTG are the
dominant strands for forming hairpins and leading
to slippage replication [38,39]. This was con¢rmed by
NMR, electrophoretic mobility or absorbance melt-
ing pro¢le experiments, which showed that (GCC)n
or (CTG)n strands are more likely than their comple-
mentary (GGC)n or (CAG)n strands to form hairpin
structures [20,35]. Here we demonstrated that
(CTG)17 and (TTC)17, but not their complimentary
strands, (CAG)17 and (GAA)17, can be ampli¢ed by
PCR. Because all four deoxyribonucleotides were re-
quired for successful ampli¢cation of (TTC)17, it im-
plied that hairpin conformations may involve during
PCR. The replacement of T with C abolishing the
ampli¢cation suggested that T-T mismatch may ac-
count for the stability of these unusual hairpin struc-
tures of (TTC)17 during PCR. We thus suggested
that this single-stranded PCR may serve as an indi-
rect detection for the ability of forming hairpin struc-
tures by speci¢c sequences. In contrast, Mitas has
reported that (GAA)n, but not (TTC)n, can form
hairpin structures by A-G base pairs and probably
A-A mismatches as well [35]. The disagreement be-
Fig. 4. Time courses of (GAA)10/(TTC)10 and (GAA)17/(TTC)17
expansion with Klenow DNA polymerase. Reaction conditions
were as described in Section 2. Left lane is a 100 bp ladder
(MBI, Lithuania); and the other lanes show successive reaction
times from 0.5 to 18 h, as indicated at the top of the ¢gure.
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tween our results and Mitas’s ¢ndings may be due to
the di¡erences in pH, salt concentrations or temper-
atures in reactions that a¡ect the base pairing of the
hairpin conformations in di¡erent TRS. Thus, care
must be taken when using this in vitro data to ex-
plain in vivo conditions.
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